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ABSTRACT: We report the interaction of surface-tethered

weak polyacid brushes, poly(methacrylic acid), with a weak @

polybase poly(L-lysine)-graft-poly(ethylene glycol), in solu- ®

tion. The grafted polyacid brushes, grown directly from the ©
v

silicon substrate by UVLED surface-initiated polymerization, N
act as a nanotemplate for the solution-phase polybase, which <
penetrates into the brushes, forming a polyelectrolyte complex =
(PEC), whose mechanical and nanotribological properties are o
markedly influenced by the electrostatic assembly conditions.

The mechanical effects are amplified due to the architecture of

the specific polybase used, which contributes approximately 2k

Da per unit charge to the overall system, resulting in an efficient filling of the polyacid brushes, which thus acts as a scaffold. The
distribution of the adsorbed copolymers in the PEC films has been investigated by means of confocal microscopy. The unique
structure of the PEC films provides a system whose mechanical and nanotribological properties can be tuned over a wide range.
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B INTRODUCTION control over the films’ composition and thickness to nanometer
precision. In this context of integrating “grafting-from”,
“grafting-to” and LbL techniques, Riihe et al. pioneered the
methodology by assembling poly(4-vinyl-N-methylpyridinium)
iodide into poly(methacrylic acid) (PMAA) brushes. The
generated films were thus composed of surface-attached
polyelectrolyte complexes (PECs), and displayed film thick-
nesses ranging from a few to several tens of nanometers, and
could act as starting platforms for polyelectrolyte multilayers.'®

Moya et al. additionally exploited similar PEC films for
templating 3D structures featuring hollow patterns and ledges
on the nanoscale, and demonstrated the possibility of
fabricating extended architectures, using a grafted polymer
layer as a scaffold.'* The characteristics of the grafted layer (i.e.,
grafting density or chain length) have been shown to influence

alternatively, for the fabrication of three-dimensional nano- the assembly of polyelectrolyte from solution, which in turn
objects for drug delivery or advanced sensing devices (e.g, determines the properties of the subsequently fabrli;:ated
nanoparticles, quantum dots).*™'2 multilayered films, as reported by Portinha and Charlot.

An emerging surface-modification strategy that combines the Inspired by these preliminary reports, our study focuses on
two approaches of surface grafting and charge-based assembly is the fabrication of grafted PEC films by the electrostatic-driven
the so-called polyelectrolyte self-assembly, where grafted

Surface modification (of organics, inorganics, and metals) by
adhering polymer species with well-defined structures, is a
highly desirable approach to tailoring interfacial properties for
specific applications. To this end, different fabrication strategies
have been proposed during the last two decades. As two major
examples, both the controlled grafting of polymer chains (either
adsorbed from solution or grown from the substrate to form
polymer brushes)/gels'™® and the fabrication of polymer
multilayers” have been extensively investigated. The former
approach involves tethering polymer chain ends at interfaces,
whereas the latter method features the layer-by-layer (LbL)
assembly of oppositely charged macromolecules. These
fabricated thin films show well-defined architectures and have
been applied to the modification of biomaterials or,

polyelectrolytes act as receptors for oppositely charged polymer Received: February 21, 2013
chains that adsorb from solution, into the grafted polyelec- Accepted: May 8, 2013
trolyte layer. This approach has been shown to enhance the Published: May 8, 2013
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assembly of poly(i-lysine)-graft-poly(ethylene glycol) (PLL-g-
PEG) into poly(methacrylic acid) (PMAA) brushes, that had
been previously grafted from 2D surfaces. Graft copolymers
with a positively charged PLL backbone and PEG side chains
have been reported to form ultrathin films and act as widely
applicable surface modifiers for a variety of negatively charged
surfaces (ranging from glass to titania) and have shown
excellent biopassive and lubricating properties.'®'” In this study
we assembled PLL-g-PEG species into PMAA grafts to form
PEC films and this self-assembly mechanism was studied under
a range of conditions. The generated PEC films presented
variable thicknesses depending on the assembly conditions,
which ranged from a few tens to several hundred nanometers.
The mechanical and nanotribological properties varied notice-
ably from the pristine PMAA brushes to the saturated grafted
PEC films. Furthermore, the PEC films demonstrated fully
reversible characteristics following salt-driven desorption of
PLL-g-PEG adsorbents from the brush scaffolds. The
morphologies and structures of these films were further
investigated by using atomic force microscopy (AFM) and
confocal fluorescence microscopy, in order to gain additional
insights into the architecture of the films.

We propose a general approach to generating grafted PEC
films with controlled thickness, presenting variable and
reversible interfacial and mechanical properties. These effects
can be amplified by the use of polybase architectures that have
an intrinsically high mass per unit charge. Grafted PECs show
promise for further application in the fabrication of multifunc-
tional, quasi-3D structures, which may find a wide range of
technologies ranging from the tailoring of biomaterial
interfaces, to the development sensing platforms and the
fabrication of intelligent membranes.

B EXPERIMENTAL SECTION

Materials. p-(Chloromethyl)phenyltrimethoxysilane (ABCR, Ger-
many), PLL(20k)-g(3.3)-PEG(Sk) (SuSoS AG, Diibendorf, Switzer-
land), PLL(20k)-g(3.3)-PEG(2k)/TRITC (fluorescent red label,
TRITC labeling approximately 4%, emission wavelength max 625
nm, SuSoS AG, Diibendorf, Switzerland), PLL(20k)-g(3.3)-PEG(2k)/
FITC (fluorescent green label, FITC labeling approximately 4%,
emission wavelength max 514 nm, SuSoS AG, Diibendorf, Switzer-
land), methanol (Fluka, Switzerland), triethylamine (>99.5%, Sigma-
Aldrich, Switzerland), sulfuric acid (95-97%, Sigma-Aldrich, Ger-
many), and hydrogen peroxide (30 wt % in water, Merck, Germany)
were all used as received. Tetrahydrofuran (99.5% extra dry, Acros,
Germany) and toluene (>99.7%, Fluka-Chemie AG, Switzerland) were
freshly distilled over sodium prior to use. Methacrylic acid (98%,
Fluka-Chemie AG, Switzerland) was first passed through an inhibitor-
remover column (Sigma-Aldrich, Switzerland) and subsequently
distilled under vacuum. Sodium N,N-diethyldithiocarbamate (97%,
Fluka, Switzerland) was recrystallized from methanol. Water was
deionized with a GenPure filtration system (182 MQ cm, TKA,
Switzerland). HEPES buffer was prepared by dissolving 1 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, BioChemika
Ultra, Fluka, Switzerland) in Milli-Q water, and adjusting the solution
pH to 7.4.

Synthesis and Characterization of PMAA Brushes and PEC
Films. PMAA brushes were first synthesized from silicon oxide
substrates by means of UV-LED iniferter-mediated surface-initiated
polymerization (UVLED-SIP). The synthesis of the silane-based
iniferter and its surface immobilization were performed according to
the reported procedures.'® UVLED-SIP proved to provide fast,
catalyst-free, and well-controlled grafting of polymer brushes.

Subsequent fabrication of grafted PEC films was carried out by
dipping prewetted PMAA brush samples (1 cm X 0.5 cm) into PLL-g-
PEG solutions at various concentrations and for different incubation
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times. Following the formation of PEC films, samples were extensively
rinsed with Milli-Q_ water and further incubated in Milli-Q_ water
overnight, in order to remove any loosely adsorbed polymer chains
prior to characterization.

The dry thicknesses of both PMAA brushes and grafted PEC films
were determined by means of a variable-angle spectroscopic
ellipsometer (VASE) (M-2000F, LOT Oriel GmbH, Darmstadt,
Germany) at three different incidence angles (65, 70, 75°), in ambient
environments with a relative humidity of 28.4%, under the assumption
that the polymer has a refractive index of 1.45. The thickness was
determined via the analysis of a five-layer (Si/SiO,/iniferter/PMAA
(or PEC)/Ambient) model with known thicknesses and refractive
indices of the Si, SiO, and iniferter layers (software WVASE32, LOT
Oriel GmbH, Darmstadt, Germany). FT-IR spectra were recorded on
the dried samples in transmission mode by employing an infrared
spectrometer (Bruker, IFS 66 V) equipped with a liquid-nitrogen-
cooled MCT detector. A background spectrum was collected from a
freshly cleaned, bare silicon wafer.

The morphologies of PMAA brushes and grafted PEC films in a dry
state were measured by a Dimension AFM with a NanoScope IIla
controller (Digital Instruments, Santa Barbara CA) in tapping mode
with a silicon cantilever (Olympus, Japan) with a resonant frequency
of 300 kHz and a spring constant of 26.1 N/m (manufacturer values).

Confocal Fluorescence Microscopy. z-Stacks were acquired
with a Zeiss LSM 780 equipped with a GaAsP detector and a LD C-
Apochromat 40X/1.1 W Korr M27 objective. A DPSS 561 nm laser
was used for TRITC excitation (red), and a 488 nm Argon laser line
for FITC excitation (green). The pinhole was set to 10 ym and z-
stacks were acquired at an interval of 0.2 ym. Images were visualized
and processed with Imaris (Version 7.5.2, Bitplane). Mean
fluorescence intensities were determined using Image] software
(National Institutes of Health, USA).

Colloidal Probe Microscopy. Normal-force and friction measure-
ments between a gold-coated silica microsphere and PMAA brushes or
grafted PEC films with different adsorbed amounts of PLL-g-PEG
were carried out in HEPES buffer using an AFM (MFP3D, Asylum
Research, Santa Barbara, USA) equipped with a liquid cell. The normal
spring constant of the Au-coated tipless cantilever (NSC-12,
Mikromash, Estonia) was measured by the thermal-noise method'?
and the torsional spring constant was measured according to Sader’s
method.*® Both normal and torsional spring constants of the cantilever
were measured before attaching the colloidal microsphere. A silica
microparticle (EKA chemicals AB, Kromasil) was glued with UV-
curable glue (Norland optical adhesive 63) to the end of the tipless
cantilever by means of a home-built micromanipulator, to be further
used for colloidal probe microscopy.”' The probe was coated with 2
nm of chromium and subsequently 10 nm of gold using an evaporator
(MEDO020 coating system, BAL-TEC, Balzers, Lichtenstein).

The lateral-force calibration was conducted by employing the “test-
probe method””” To determine the lateral sensitivity of the photo
detector, a freshly cleaned silicon wafer (1 cm X1 cm) was glued
“edge-on” to a glass slide. The smooth silicon plane was used as a
“wall” for measuring the lateral sensitivity. A test probe (cantilever
glued with a silica colloidal sphere of diameter around 40 ym) was
moved laterally into contact. The slope of the obtained lateral-
deflection-vs-piezo-displacement curve yields the lateral sensitivity, to
be used for lateral-force calibration.

For lateral-force measurements, 10 “friction loops” along the same
scan were acquired at each load (scanning rate, 1.0 Hz; stroke length,
5.0 pm), from which the average friction force and the standard
deviation were calculated. Both normal-force and friction measure-
ments were repeated at three different locations on the polymer films.

The apparent elastic moduli of the polymer films were estimated
from the nanoindentation curves using the Hertz model as described
elsewhere®?

— 4.\/E E51.5
3(1 = v2) (1)

F=kd ()
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S=z—-d (3)

where F is the applied load, 7y, is the radius of the colloidal probe, v is
the Poisson’s ratio of the polymer films (assumed to be 0.5), E is the
apparent Young’s modulus of polymer films, 6 is the deformation of
the polymer films (calculated from the relative piezo-extension z and
relative deflection of the cantilever d), and k is the spring constant of
the cantilever.

A constant applied force with an indenting speed of 3.97 ym/s was
employed during the indentation measurements. The initial 10% of the
approach curve was used to measure the Young’s modulus of the
polymer films, in order to avoid a substrate effect on the measured
values. By fitting the force curves (based on 16 individual
measurements) acquired during normal-force measurements into eqs
1-3, one can obtain the apparent Young’s modulus of the polymer
films E.

B RESULTS AND DISCUSSION

Adsorption Kinetics of Grafted PEC Films. The
adsorption behavior of PLL-g-PEG in PMAA brush platforms
of different film thicknesses (chain lengths) was studied by
VASE and is compared to the adsorption behavior of PLL-g-
PEG on bare silicon oxide (Scheme 1 and Figure 1). In the

Scheme 1. (a) “Grafting to” of PLL-g-PEG onto a Silicon
Wafer and (b) “Grafting to” of PLL-g-PEG into Surface-
Grafted PMAA Brushes (proposed structure for
polyelectrolyte complex films)
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Figure 1. Adsorption kinetics of PLL-g-PEG (2.5 mg/mL in HEPES
buffer with a pH of 7.4) on a silicon wafer (inset) and on PMAA
brushes, as a function of adsorption time. Initial dry thicknesses of
PMAA brushes for preparing PEC films 1, 2, and 3 were 7, 13, and 33
nm, respectively.

latter case, graft copolymers showed an initial fast adsorption,
followed by a slowing down of the film growth rate (inset in
Figure 1). Fast adsorption kinetics occurs initially because of
the electrostatic interactions between the positively charged
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PLL moieties and the negatively charged silicon oxide surface.
After attaining an initial coverage, the adsorption rate gradually
decreases, owing to the high concentration of polymer chains at
the surface leading to steric hindrance that further inhibits
assembly. A saturation film thickness of 1.2 + 0.1 nm was finally
reached after 30 min of incubation.**

The mass of PLL-g-PEG adsorbed into the PMAA brush
layer was found to be two orders higher in magnitude than that
of PLL-g-PEG adsorbed onto bare silicon oxide samples. Yet
the adsorption profiles of PLL-g-PEG into PMAA brushes,
starting with different PMAA dry thicknesses (namely 7, 13,
and 33 nm as shown in Figure 1), followed similar kinetics:
initial fast adsorption and a subsequent slowing down of the
adsorption rate until a plateau was reached (Figure 1).

A 30 min adsorption of PLL-g-PEG increases the dry
thickness of PEC films to 100, 200, and 500 nm (obtaining
PEC films-1, PEC films-2, and PEC films-3, respectively) from
7, 13, and 33 nm of PMAA brushes, respectively. Thus the dry
height of the PECs is comparable to the wet height of the
PMAA brushes,” suggesting that the PLL-g-PEG is essentially
filling the space within the brushes.

In addition, it should be mentioned that the saturation time
for achieving the maximum thickness of PEC films also
increased with the starting thickness of PMAA brushes. This
observation suggests an adsorption mechanism involving
complexation of the graft copolymers into the brush
architecture, which becomes more difficult in longer brushes
because of the increased diffusion lengths involved, prior to
encountering free charges.

The driving force for fabricating the PEC films is the
formation of the water-soluble weak polyelectrolyte complex
between oppositely charzged PMAA brushes and PLL-g-PEG. As
pointed out by de Vos,”® anchoring weak polyacids on silicon
substrates enables the creation of a significant volumetric
charge density. In this case, the thickness of the grafted PEC
films is tunable by either varying the starting thickness of the
PMAA brushes or by changing the PLL-g-PEG adsorption time.
During the initial (fast) adsorption, PLL-g-PEG with a relatively
small molecular size (apparent contour length of 53 nm,
apparent persistence length of 19.9 nm and radius of gyration
equal to 12.2 nm)?’ rapidly diffused into the highly swollen
PMAA brushes (characterized by an average swelling ratio of
26)*° and complexed with the PMAA backbones. Further
adsorption of PLL-g-PEG was progressively hindered by the
physical barrier of the newly formed PEC layer, which slowed
down adsorption and complexation of additional PLL-g-PEG.
As a result, a thickness saturation was reached (plateaus in the
adsorption profiles in Figure 1).**

PLL-g-PEG loading within the PMAA brush structure was
also studied by FT-IR composition analysis (see the Supporting
Information). Prior to adsorption of the graft copolymers, O—
H (3200 cm™), C—H (3000 cm™) and C=O stretching
(1710 cm™) vibrations, representative of PMAA films, could be
clearly identified.* Following the complexation of PLL-g-PEG
into the PMAA matrix, these characteristic peaks were
overshadowed by the characteristic signals of PEG segments
ie. C—H (2890 cm™') and C—O stretching (1110 cm™).*

The amount of complexed PLL-g-PEG and the subsequent
thickness of grafted PEC films were also studied as a function of
the concentration of adsorbing copolymer, at constant
adsorption time. As shown in Figure 2, the thickness of the
grafted PEC films was found to be linearly proportional to the
PLL-g-PEG concentration, given a constant starting PMAA
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Figure 2. Dry thicknesses of PEC films with respect to different PLL-
¢-PEG concentrations in solution under constant adsorption
conditions (adsorption time, 240 s; initial thickness of PMAA brushes,
22 nm; pH of HEPES buffer, 7.4).

thickness. A similar concentration-dependent adsorption
behavior was also reported by Riihe'**® and Penn.*'

In addition to the PLL-g-PEG concentration during
adsorption, the influence of pH on the formation of PEC
films was also investigated (Figure 3). When the adsorption
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Figure 3. Adsorbed mass of PLL-g-PEG (2.5 mg/mL) at different pH
values under constant adsorption conditions (incubating time, 240 s;
initial thickness of PMAA brushes, 26 nm). Adsorbed amount () of
PLL-g-PEG is calculated according to the formula:"* & = pd’, where p
is the PLL-g-PEG density (1.27 g/cm®) and d’ is the change of (dry)
thickness upon adsorption.

process was carried out at pH values lower than 4.0 or higher
than 10, i.e. below and above the pK,s values of PMAA (4.66)
and PLL (9.5),>*%® respectively, no grafted PEC films were
formed. Outside of the 4—10 pH range, either PMAA or PLL
possessed no net charge, and thus the driving force leading to
the formation of PECs was absent. Hence we believe that the
very low residual adsorption observed under these conditions
was solely due to the formation of hydrogen bonding between
the PLL-g-PEG and PMAA. In contrast, PLL-g-PEG strongly
adsorbs when the pH value of the incubation solution was set in
between the pK,s of these polyacids and polybases, to form
PEC films. The adsorbed copolymer mass increased monotoni-
cally above a pH value of 4.0 and reached a maximum between
7 and 9, evidencing the formation of PECs due to electrostatic
interactions between the negatively charged PMAA brushes and
the positively charged PLL backbones.

In addition to the influence of pH on the fabrication of PEC
films, the jonic strength of the medium was varied, in order to
study the influence of salt concentration on polyelectrolyte self-
assembly. The presence of dissolved ions can significantly affect
the swelling equilibrium of weak polyelectrolyte brushes;**>°
therefore, the complexing process was conducted at different
NaCl concentrations, as shown in Figure 4. When the
concentration of NaCl in the aqueous medium is low, PMAA
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Figure 4. Adsorption of PLL-g-PEG at different salt concentrations
under constant adsorption conditions (adsorption time, 240 s; initial
thickness of PMAA brushes, 19 nm; PLL-g-PEG concentration, 2.5
mg/mL; pH of solution, 7.4).

brushes behave according to the “osmotic brush” regime." In
this situation, the presence of salt produces a shift in the
dissociation equilibrium, favoring the formation of carboxylate
moieties along the PMAA backbones. This phenomenon
induces brush stretching and an increase in PLL-g-PEG
adsorbed mass. The adsorbed mass of copolymer reaches a
maximum at a specific NaCl concentration (1 mM) and further
increase of salt concentration in the adsorbing solution caused
the PMAA brushes to adopt the so-called “salted brush”."* In
this situation, dissolved ions screen the charges along the
polyelectrolyte brush chains, inhibiting PMAA dissociation and
reducing the driving force for complexation. This phenomenon
hindered PLL-g-PEG adsorption until no observable PEC films
were formed, as in the case of concentrated, 1 M NaCl
solutions.

Interfacial Properties of Grafted PEC Films. The surface
morphology of grafted PEC films was studied by tapping-mode

AFM and the corresponding images are shown in Figures 5.

Figure S. Dry morphology of (a) PMAA brushes with thickness of 33
nm and roughness (rms) of 0.4 nm, (b) PEC films with thickness of
426 nm and roughness (rms) of 4 nm, and (c) PMAA brushes with
thickness of 31 nm and roughness (rms) of 0.4 nm after the
desorption process (scanning size: 5 ym X S ym). (1) Adsorption of
PLL-g-PEG, (2) desorption of PLL-g-PEG in NaCl solution (1 M).

PLL-g-PEG adsorption in PMAA causes an increase in RMS
roughness on the polymer films, from () 0.4 + 0.2 nm to (b) 4
+ 2 nm (measured over 5 ym X S um). The increased
roughness is attributed to the formation of PLL-g-PEG/PMAA
aggregates in the grafted PEC films.

In order to confirm the reversibility of the complexation
process of the copolymers, the PEC films were immersed in 1
M NaCl solution for 5 s and effective PEC dissolution was
confirmed by AFM imaging. Uniformly smooth polymer films
were obtained due to the salt-driven dissociation of PLL-g-
PEG/PMAA complexes and the recovery of the original PMAA
brushes.

The morphologies of grafted PEC films containing different
masses of PLL-g-PEG with identical starting PMAA thickness
are shown in Figure 6. Upon increasing the adsorbed amount of
PLL-g-PEG, the roughness of the grafted PEC films was found

dx.doi.org/10.1021/am4006379 | ACS Appl. Mater. Interfaces 2013, 5, 4913—4920
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Figure 6. Dry morphology of PEC films (scanning size, 10 ym X 10
um), fabricated by using identical PMAA brushes (initial dry thickness,
22 nm) and loading with PLL-g-PEG at different concentrations: (a) C
=0.25 mg/mL, (b) C = 1.0 mg/mL, (c) C =2.5 mg/mL, and (d) C =
6.0 mg/mL for a constant adsorption time (240 s) (pH of solution,
7.4).

to increase. In particular, oriented morphologies on the surface
of the PEC films were observed (Figure 6d) at high
concentrations of adsorbed PLL-g-PEG. We believe that the
observed morphology of PEC films in dry conditions is directly
related to their conformation in swollen state. We thus presume
that the oriented assemblies are caused by the adsorption of
PLL-g-PEG along the highly extended grafted PMAA chains.

Stability of Grafted PEC Films. We examined the stability
of the grafted PEC films in HEPES solution (1 mM) by
monitoring the thickness variation as a function of incubation
time. As can be seen in the Supporting Information, the dry
thickness of the PMAA brushes decreased by 71% and 82%
following 7 and 14 days of incubation, respectively. The dry
thickness of the PLL-g-PEG films formed on SiOx surfaces
decreased by 32% and 55% over the same incubation times.>”
In contrast, the overall thickness of grafted PEC films was
shown to decrease by 15% after 1 week of incubation and by
35% after 2 weeks of incubation (see the Supporting
Information). Thus the formation of PMAA/ PLL-g-PEG
complexes at the surface resulted in a significant enhancement
of film stability when compared to the either singly (physically
or chemically) grafted component.

Polyelectrolyte brushes, such as PMAA, have been observed
to detach from the surface in an aqueous environment due to
hydrolysis of the anchoring groups, and assisted by the
relatively high osmotic pressure inside the brush structure
and entropic effects.>® ** Assembly of PECs induced a
modification of PMAA conformation (vide infra) as well as a
loss of net charge along the grafted backbones. We believe that
both phenomena inhibit chain desorption, consequently
increasing the film stability. This important finding additionally
paves the way for possible future applications of grafted PECs
as a platform in biological systems and biomaterials.

Structure of Grafted PEC Films Probed by Confocal
Fluorescence Microscopy. To gain further insight into the
mechanism of PLL-g-PEG adsorption into PMAA brushes and
to visualize the structure of the subsequently assembled grafted
PECs, we probed samples fabricated with fluorophore-labeled
PLL-g-PEG (red and green) with confocal fluorescent
microscopy. Fluorescence images recorded at different
distances from the underlying silicon substrate were used to
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reconstruct the 3D distribution of PLL-g-PEG within the
grafted PECs.

In Figure 7a, we show the 3D distribution of red fluorophore
within grafted PEC films, swollen in water, following two hours
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Figure 7. (a) Reconstruction of confocal data obtained for
fluorescence-labeled PLL-g-PEG in swollen, saturated PEC films
with a dry thickness of 592 nm and an initial PMAA dry thickness of
65 nm (scale bar, 10 um; the silicon substrate lying in the x—y plane
beneath the fluorescence-labeled layer). (b) Normalized fluorescence
intensity distribution (y-shifted in inset for clarity) after loading PLL-g-
PEG-FITC (green fluorescence, dry thickness: 157 nm) into swollen
PEC films, preloaded (not saturated) with PLL-g-PEG-TRITC (red
fluorescence; dry thickness, 111 nm) (dashed line indicates the
position where maximum fluorescence intensity is reached; silicon
substrate is at right side of the plot).

of adsorption of PLL-g-PEG-TRITC. The maximum fluo-
rescence intensity was located at the interface between the film
and the surrounding solution, gradually fading away at positions
closer to the substrate. This finding demonstrates that PLL-g-
PEG is intercalated inside the PMAA brushes in a decreasing
concentration gradient toward the underlying substrate surface.

In Figure 7b, we show the fluorescence-intensity profile of
the PMAA scaffolds in water, treated sequentially with PLL-g-
PEG-TRITC and then PLL-g-PEG-FITC. Following adsorption
of PLL-g-PEG-FTIC into PLL-g-PEG-TRITC-preloaded PEC
films, the fluorescence intensity of both fluorophores was
measured. The FITC intensity maximum was found to be
shifted by 800 nm with respect to the TRITC maximum, in the
direction of the silicon substrate. The fluorescence distribution
is a convolution of the adsorption profile and the intrinsic
profile of the confocal microscope.

The results obtained in these experiments confirmed that
PLL-g-PEG adsorption kinetics was determined by the diffusion
of the copolymers into the PMAA brushes. The PLL-g-PEG
copolymers were concentrated at the brushes surface, since
further diffusion inside PMAA scaffolds had to overcome both
the steric hindrance by preadsorbed copolymers and the loss of
net opposite charge due to PEC formation. Additional
adsorption of the PLL-g-PEG on preformed, grafted PEC
films showed a further diffusion of copolymers toward the
underlying substrate.

Mechanical Properties of Grafted PEC Films. The
mechanical properties of grafted PEC films were studied by
AFM indentation under buffer solution and compared to the
starting PMAA brushes. Upon adsorption of PLL-g-PEG, the
PMAA films were shown to increase their Young’s moduli from
0.4 + 0.1 kPa to 1.3 & 0.3 kPa, as indicated by the steepening of
the indentation curve shown in Figure 8. Film stiffening upon
PEC formation was because of filling of the brush films when

dx.doi.org/10.1021/am4006379 | ACS Appl. Mater. Interfaces 2013, 5, 4913—4920
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Figure 8. Indentation of PMAA brushes upon loading and unloading
in HEPES buffer (only approaching curves are shown; dry thicknesses
of PMAA brushes and PEC films are 22 and 148 nm, respectively;
adsorbed mass of PLL-g-PEG, 160.02 mg/ m?), measured by colloidal
probe microscopy with a gold-coated silica sphere (spring constant,
0.067 N/m; sphere radius, 10 ym).

oppositely charged PLL segments were complexed along the
grafted PMAA chains. This is related to the formation of
physical interactions (and potentially cross-linking) between
PMAA chains and the PLL segments, which also leads to film
shrinkage. It is worth mentioning that compared to covalently
cross-linked films*® the weak physical interactions in grafted
PECs only induced limited stiffening with respect to the
starting PMAA brushes. This is due to the high swelling of PEC
films generated from weak polyelectrolyte complexes, distin-
guishing them from strong PECs.*'~

The stiffening effect caused by PEC formation was found to
be completely reversible upon salt-induced desorption of PLL-
g-PEG adsorbents. As can be seen in Figure 8, immersion of
grafted PECs in 1 M NaCl solution for 5 s returned the Young’s
modulus (decrease of the indentation curve slope) to a value of
0.4 + 0.1 kPa, which was characteristic of the starting PMAA
brushes.

The stiffening of grafted PECs could be additionally
monitored by AFM indentation as a function of the amount
of PLL-g-PEG adsorbed into the PMAA brushes. Progressive
loading of PLL-g-PEG caused both a shrinkage and a gradual
increase of film stiffness, as shown in the indentation profiles
reported in Figure 9. Typical Young’s moduli thus ranged from
0.4 + 0.1 kPa for the starting PMAA brushes to 0.7 + 0.2 kPa,
1.3 + 0.2 kPa and 1.6 + 0.2 kPa following the adsorption of
83.8, 135.9, and 233.7 mg/m?* PLL-g-PEG, respectively.

Nanotribological Properties of Grafted PEC films.
Hydrophilic polymer brushes and polyelectrolyte brushes have
been already reported to display highly lubricious behavior in

20
@ PMAA Brushes H
—#- PEC Films-1
15 4 PEC Films-2 fi

—w— PEC Films-3 /

-
(=)

L&l

Applied Load (nN)

04 06 08 1.0
Indentation Depth (um)

1.2

Figure 9. Indentation of PMAA brushes upon loading with different
amounts of PLL-g-PEG in HEPES buffer (only approaching curves are
shown, dry thicknesses of PMAA brushes and PEC films 1, 2, 3 are 18,
84, 125, and 202 nm, respectively), measured by colloidal probe
microscopy with a gold-coated silica sphere (spring constant: 0.217 N/
m, sphere radius: 8.5 ym).
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aqueous environments. For this reason, in addition to the

mechanical characterization of grafted PEC films, we have also
investigated the nanotribological properties of the synthesized
films by means of colloidal probe microscopy in an aqueous
environment. As shown in Figure 10, PMAA brushes showed a

12F
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Figure 10. Friction of PMAA brushes as a function of load in HEPES
buffer (dry thicknesses of PMAA and PEC films are 22 and 148 nm,
respectively, adsorbed mass of PLL-g-PEG: 160.02 mg/m?), measured
by colloidal probe microscopy with a gold-coated silica sphere (spring
constant: 0.067 N/m, sphere radius: 10 ym).

very low coefficient of friction (0.01), when slid against a gold-
coated silica sphere, indicating very effective lubricating
behavior. However, upon formation of the PEC films, the
coefficient of friction (COF) increased to a value of 0.04. The
4-fold increase in COF was presumably due to the greater
number of dissipative pathways upon complexation of PMAA
brushes with PLL-g-PEG. A similar phenomenon has been
already observed in covalently cross-linked brush systems on
the same contact scale.'®

The lubrication properties of grafted PEC films could also be
used to indicate the reversible loading of PLL-g-PEG and thus
the restoring of the starting PMAA brush upon salt treatment.
As is shown in Figure 10, incubation of grafted PEC films in 1
M NaCl led to PLL-g-PEG desorption and the friction behavior
of the films showed the regeneration of the original PMAA
brushes.

Progressive adsorption of PLL-g-PEG into PMAA brushes is
able to gradually increase the stiffening of the swollen brushes
and therefore leads to an increase of COF for the generated
PEC films, as shown in Figure 11. The COF values increased
from 0.01 of the starting PMAA brushes to 0.03, 0.04, and 0.06
following the adsorption of 45.7, 140.9, and 820.4 mg/ m? PLL-
g-PEG, respectively.

Since PLL-g-PEG is known to function as a lubricious
coating on flat surfaces, such as silicon oxide,"” one might
expect that the adsorption of these macromolecules into PMAA
brushes would lead to low friction. As this is apparently not the
case, we can conclude that the PEG moieties of the PLL-g-PEG
are held within the PMAA scaffolds, and are not present to a
significant extent on the outer, sliding surface of the grafted
PECs.

H CONCLUSION

We have reported the synthesis and characterization of grafted
polyelectrolyte complex films, employing a combination of both
“grafting-from” and “grafting-to” strategies, i.e., electrostatically
adsorbing PLL-g-PEG copolymers to oppositely charged,
surface-tethered PMAA brushes. The grafting kinetics of PEC
films could be tailored in a controlled fashion by tuning the
adsorption time, starting PMAA-brush thickness, PLL-g-PEG
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Figure 11. Friction of PMAA brushes and PEC films with different
uptakes of PLL-g-PEG in HEPES buffer (dry thicknesses of PMAA
brushes and PEC films 1, 2, 3 are 40, 76, 151, and 686 nm,
respectively), measured by colloidal-probe microscopy with a gold-
coated silica sphere (spring constant, 0.5078 N/m; sphere radius, 8.66
um).

concentration in solution, pH and salt concentration of the
solution. The grafted PEC films showed enhanced stability
compared to those of the individual grafted components.
Furthermore, the distribution of PLL-g-PEG copolymers in
PEC films was determined optically, in order to understand the
structure of the films in their swollen state. The high mass/
charge ratio that characterizes PLL-g-PEG causes an
amplification of the filling effect when fabricating PECs,
which leads to the approximate retention of the swollen
dimensions of the PMAA brushes, even in the dry state. Finally,
mechanical and nanotribological properties of these PEC films
were studied by using colloidal-probe microscopy in aqueous
phase. The PEC films presented tunable mechanical behavior,
and provide potential building blocks for application in a wide
variety of technologies.
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